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Introduction
Molecular testing of plasma-derived circulating cell-free DNA (cfDNA) in cancer, also known as 'liquid biopsy', is a promising tool for minimally invasive molecular diagnostics and disease monitoring [1] [2] [3] . Molecular testing of liquid biopsies typically probes hot spot mutations in common cancer genes of known clinical relevance detected in small subsets of patients, which limits potential utility, especially for early diagnosis [4] [5] [6] . Expanding molecular testing of liquid biopsies to include epigenetic signatures can increase its diagnostic yield and utility [7] . Cancer is a genetic and epigenetic disease, and alterations in DNA methylation profiles are one of the earliest, most robust, and most frequent signatures in cancer [8] . Unlike hot spot mutations, the genome-wide distribution of numerous, densely clustered DNA methylation alterations can enable more robust cancer detection and higher sensitivity in cancer diagnostics [9] . Furthermore, cancers originating from different tissue types may share similar genotypes but display different methylation profiles; thus, cancer-type-specific methylation signatures can potentially be used to identify cancer tissue of origin [10, 11] .
In order to enable analysis of genome-wide methylation markers, we developed a next-generation sequencing (NGS) targeted methylation sequencing assay to simultaneously measure the methylation status of 9223 CpG (5 0 -C-phosphate-G-3 0 ) sites known to be hypermethylated in cancer. We carried out clinical validation of this assay in plasma cfDNA samples from patients with advanced cancers and compared methylation-based results with clinical outcomes.
Materials and methods

Patients
The study enrolled patients with progressing advanced cancers who were referred to MD Anderson Cancer Center's Department of Investigational Cancer Therapeutics for experimental therapies from July 2011 to August 2016. Patients had the option of providing longitudinally collected plasma samples during the course of their therapy. The study was conducted in accordance with MD Anderson's Institutional Review Board guidelines.
Plasma collection and cfDNA isolation
Whole blood was collected in ethylenediaminetetraacetic acid-containing tubes and centrifuged within 2 h to yield plasma, which was stored at À80 C. Circulating cfDNA was extracted from 1 to 4 ml of plasma (4 ml was used whenever available) using the QIAamp Circulating Nucleic Acid kit (catalog # 55114, Qiagen, Valencia, CA) as previously described [7] . Plasma from normal individuals were purchased from BioreclamationIVT (Baltimore, MD). Concentrations of cfDNA were quantified by the 2100 Bioanalyzer System with High Sensitivity DNA Kit using the 75-250 bp range (Agilent Technologies, Santa Clara, CA).
Pan-cancer methylation panel design and optimization
The Pan-cancer methylation panel targets were particularly selected for hypermethylated CpG sites in tumor versus normal tissue based on The Cancer Genome Atlas (TCGA) data. A total of 10 888 CpG sites in 34 major cancer types and subtypes were selected. Probe sequences for targeted CpG sites were selected from the Infinium HM450 array (Illumina, San Diego, CA). Probes were individually synthesized and 5 0 -biotinylated at Illumina. Analysis of 20 normal plasma samples resulted in removal of 1235 (11%) sites with mean methylation levels >2% (supplementary Figure S1 , available at Annals of Oncology online) and 430 (3.9%) sites with coverage below the fifth percentile in at least 10 samples, resulting in a total of 9223 CpG sites on the panel. Quality control was imposed after sequencing by excluding any samples with zero coverage at more than 15% of panel sites.
Targeted bisulfite sequencing library preparation and sequencing
Extracted cfDNA was bisulfite treated and purified using EZ DNA Methylation-Lightning Kit (Zymo Research). The assay input was capped at 30 ng regardless of the extraction yield. Whole genome amplification of bisulfite-converted DNA was carried out using Accel-NGS V R MethylSeq DNA Library Kit (Swift Biosciences) following recommended conditions. Target enrichment was carried out on the whole genome bisulfite libraries to specifically pull down DNA fragments that contain target CpG sites using 5 0 -biotinylated capture probes. Hybrid selection was carried out using Illumina TruSight V R Rapid Capture Kit. Capture Target Buffer 3 (Illumina) instead of enrichment hybridization buffer was used in the hybridization step. Following hybridization, the captured DNA fragments were amplified with 14 PCR cycles. Target capture libraries were sequenced on an Illumina HiSeq V R 2500 Sequencer using 2 Â 100 cycle runs, with four to five samples in rapid run mode. A 10% PhiX was spiked into bisulfite sequencing libraries to increase base diversity for better sequencing quality.
Alignment
FASTQ files were generated using Illumina's bcl2fastq (v2.17.1.14) and mapped to the bi-sulfite-converted hg19 reference genome using BWA (v0.7.12; default parameters). Reads containing more than one alignment location as well as PCR duplicates flagged by Picard (v1.129) were removed from further downstream analyses.
Calculation of a sample methylation score
To account for variation in methylation profiles among healthy individuals, a z-score (z ¼ (x Àl)/r), where l and r are the mean and standard deviation of methylation levels from a baseline set (n ¼ 20) of normal plasma samples was calculated for each CpG site. This z-score was transformed into a one-sided P-value [P ¼ 1ÀU(z), where U(z) represents the cumulative distribution function of the standard normal distribution], which normalizes the range from 0 to 1, and increases the signal-to-noise ratio. Finally, these P-values were log-transformed and weighted by a factor of -2c, where c represents the coverage (post-duplication removal) at each site, and aggregated into a single methylation score via Fisher's method.
Cancer-type classification
Methylation signatures for each cancer type were derived for those cancers with at least 100 tumor samples available in the TCGA database (32 cancers in total). For each cancer type, the available tumor samples were separated into training (80% of samples) and testing (20% of samples) sets. The training sets were used to identify signature CpG sites for the respective classifier. For each cancer type, the top 3% of CpG sites with the highest mean methylation levels across the training samples were included in the classifier. Any sites with mean methylation levels below 6% were excluded. This resulted in 32 classifiers for 32 cancer types respectively, each comprised of a unique set of CpG sites, although some individual CpG sites are present in multiple classifiers. For each tumor sample, 32 classification scores were calculated as the mean methylation level across all CpG sites in each of the respective classifiers. A tumor sample was classified as the cancer type with the highest classification score.
Statistical analysis
Overall survival (OS) was defined as the time from the date of sample collection to the date of death or last follow-up. The Royal Marsden Hospital (RMH) score was calculated on the basis of lactate dehydrogenase levels (greater than the upper limit of normal versus normal), albumin levels (<3.5 g/ml versus !3.5 g/ml), and number of metastatic sites (>2 sites versus 2 sites) [12] . Time-to-treatment failure (TTF) was defined as the time from the date of systemic therapy initiation to the date of removal from the treatment. Tumor responses were evaluated according to Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 [13] . The Kaplan-Meier method was used to estimate OS and TTF, and a log-rank test was used to compare OS and TTF among patient subgroups. Cox proportional hazards regression models were fit to assess the association between patient characteristics and OS. Correlations were assessed using the Spearman coefficient. All tests were two-sided, and P values <0.05 were considered statistically significant. All statistical analyses were carried out with SPSS 23 (SPSS, Chicago, IL).
Results
Development of pan-cancer methylation profiling assay
We developed a comprehensive methylation panel targeting more than 9223 CpG sites by analyzing 32 cancer types and identifying sites that are consistently hypermethylated in tumors. Methylation microarray data from $10 000 cancer samples from TCGA were collected for analysis. A set of cancertype-specific hypermethylation sites was selected for each targeted cancer type, although we observed that some cancer types, such as stomach and colorectal, had higher overall methylation signatures compared with others ( Figure 1A ). Candidate sites were filtered by requiring low (<20%) methylation levels in normal blood cells. Annotation of the targeted CpG sites showed that 77% are located in CpG islands and that they are evenly distributed across gene regions, except for the 3 0 UTR, which is underrepresented ( Figure 1B and C). We also observed that the targeted CpG sites are associated with known regulatory regions such as promoters (27.5%), enhancers (18.2%), and cell-type-specific regions (16.4%) (UCSC hg19; Figure 1D ).
PCR-based methylation assays are limited by the number of targets that can be evaluated at one time, whereas a sequencingbased methylation assay allows for the simultaneous evaluation of the methylation status of thousands of CpG sites; however, sequencing-based assays in which enrichment is carried out before PCR amplification often do not retain sufficient diversity for a robust signal [14] [15] [16] . Our targeted methylation workflow measures methylation status of low input cfDNA while maintaining sufficient diversity. Extracted cfDNA was treated with bisulfite reagents followed by whole genome library preparation to amplify the bisulfite-converted DNA and incorporate sequencing adaptors. This amplification preserves the molecular diversity of the small amount of cfDNA in the subsequent target enrichment step. Enrichment probes were designed based on the Infinium HumanMethylation450 BeadChip in liquid hybridization-50mer probes that can capture both the methylated and unmethylated forms of bisulfite converted DNA after amplification (see Materials and methods) [17] .
Next, we developed a novel algorithm to integrate the pancancer methylation sequencing data into a single methylation score to identify cancer samples (see Materials and methods). Briefly, z-scores were calculated for individual CpG sites; these sites were normalized by transforming to P-values; and a weighted sum of these P-values was calculated for the final sample-specific methylation score. We confirmed that this score is not biased to age or gender in healthy controls (supplementary Figure S2 , available at Annals of Oncology online).
Performance of pan-cancer methylation profiling in cancer and healthy controls
The technical performance of this assay on plasma cfDNA was tested on samples from 66 healthy controls with males and females equally represented. The subjects ranged from 18 to 78 years in age and were evenly distributed between males and females. The per-sample cfDNA input ranged from 4.5 to 30 ng, with an average of 21.1 ng. We carried out deep sequencing of the targeted bisulfite libraries to achieve $10 000Â mean target coverage ($101Â mean deduped coverage). On average, 95.3% of reads were properly aligned and 81.1% were on-target. The assay showed high uniformity of 81% (defined as the percentage of sites covered at !0.2Â mean depth), with only 0.06% of target sites having zero coverage.
To determine the assay performance in distinguishing cancer from normal, we evaluated 37 plasma samples from 30 advanced colorectal cancer patients (several patients had plasma samples collected at multiple time points) and 66 plasma samples from healthy individuals. To calculate the methylation scores, we first carried out an outlier analysis of the 66 samples from healthy individuals (see Materials and methods). One sample was detected as an outlier and removed from further analysis. The remaining 65 normal samples were randomly divided to three groups. Group I (n ¼ 20) was used to establish a methylation baseline for z-score calculations. Group II (n ¼ 20) was used as a training set to derive the cutoff (calculated as 3 standard deviations above the mean methylation score) to separate cancer from normal. Normal samples in group III (n ¼ 25) and colorectal cancer samples that passed QC (n ¼ 36; see Materials and methods) were used to evaluate sensitivity and specificity. Methylation scores were calculated for each sample in the training and testing sets ( Figure 1E ). Using the cutoff derived from the training set (7.52), we correctly called 34 out of the 36 cancer samples and all 25 normal samples in the testing group (supplementary Figure S3A , available at Annals of Oncology online), resulting in a sensitivity of 94.4% for colorectal cancer detection and a specificity of 100%. Based on ROC analysis, the corresponding area under the curve (AUC) was 0.969 ( Figure 1F ).
Based on our previous observation of the high duplication rate (>10 000Â raw coverage versus 101Â deduped coverage), we re-carried out the same cancer/normal classification after down-sampling 30-fold to 10 million reads per sample and saw comparable performance (supplementary Figure S3B , available at Annals of Oncology online).
Next, we assessed whether a pan-cancer methylation panel can predict cancer tissue of origin. We identified methylation signatures for 32 cancer types, and unique sets of CpG sites for each cancer type were selected as the basis for the classification algorithm (see Materials and methods). We examined the performance of the algorithm on the TCGA tumor tissue testing sets and obtained an overall accuracy of 83.5% across all 32 cancer types (Figure 2A) . We then compared the methylation profiles from colorectal cancer plasma cfDNA samples and cancer tissues in the TCGA database and found a relatively high correlation for colon and rectum adenocarcinomas (r ¼ 0.435 and 0.474, respectively), but not for other cancer types (mean r ¼ 0.138; Figure 2B ). No correlation was observed between the methylation profiles of normal samples and any cancer types from TCGA (max r ¼ 0.157; Figure 2B ). Combined, these results suggest that the methylation profiles of cancer plasma DNA reflect their tissue of origin despite the presence of normal cfDNA.
Clinical validation of pan-cancer methylation profiling in plasma cfDNA from patients with advanced cancers
In total, 78 patients with advanced colorectal cancer, non-smallcell lung cancer (NSCLC), breast cancer, or melanoma were enrolled. From those patients, we collected 82 plasma cfDNA samples comprising 68 samples from patients not receiving systemic therapy at the time of blood draw and 14 samples from patients on systemic therapy at the time of blood draw. Of the 68 samples from patients off therapy, 55 (80.9%) patients received subsequent systemic therapy and 13 (19.1%) patients did not. The median age was 61 years (range: 28-82 years). The majority of patients were female (40, 51.3%), the predominant ethnicity was white (62, 79.5%), and colorectal cancer was the most frequent cancer type (29, 37.2%), followed by NSCLC (22, 28 In samples from the 14 patients on therapy, methylation scores accurately detected cancer in 7 (50.0%) of them. In the diseasespecific analysis, methylation scores accurately detected cancer in five of the six (83.3%) colorectal cancer patients, zero of the three (0%) breast cancer patients, one of the one (100%) melanoma patients and one of the four (25.0%) of NSCLC patients. In samples from those patients for whom cancer had been detected, methylation-based signatures correctly classified the underlying cancer type in six (85.7%) of them. Methylation-based signatures accurately classified the underlying cancer type in five of the five (100%) colorectal cancer patients, one of the one (100%) melanoma patients, and zero of the one (0%) NSCLC patients (Table 1) . Finally, we compared methylation scores in plasma cfDNA from all 82 samples and demonstrated that a median methylation score in 14 samples obtained on therapy was lower than a median methylation score in 68 samples obtained from patients off therapy (mean 4.74 versus 85.29, P ¼ 0.001; Figure 3A ).
Pan-cancer methylation profiling of plasma cfDNA in cancer and clinical outcomes
Next, we assessed if methylation scores from patients off therapy at the time of blood draw corresponded with the length of survival. Forty-four patients with low methylation scores ( 5% trimmed mean of 267.54) had a longer median overall survival (OS) compared with 24 patients with high methylation scores [>5% trimmed mean of 267.54; 10.4 months, 95% confidence interval (CI) 7.1-13.7 versus 4.4 months, 95% CI 3.3-5.4; P < 0.001; Figure  3B ]. The 5% trimmed mean was selected over the median as a cutoff, in order to eliminate potential bias caused by the presence of samples with extreme methylation scores. In order to evaluate the methylation score as a possible independent prognostic factor for OS, we used the prospectively validated RMH prognostic score as described in Materials and methods. Indeed, 31 patients with RMH scores of 0-1 had longer median OS than patients with RMH scores of 2-3 (10.8 months, 95% CI 5.5-16.1 versus 4.7 months, 95% CI 3.4-5.9, P ¼ 0.009, supplementary Figure S4 , available at Annals of Oncology online). A multivariable analysis, which included methylation score (low versus high), RMH score (0-1 versus 2-3) and tumor type (colorectal cancer versus breast cancer versus NSCLC versus melanoma), demonstrated that a low methylation score is an independent prognostic factor for OS [hazard ratio (HR) 0.43, 95% CI 0.21-0.90, P ¼ 0.025, Table 2 ]. Additionally, we assessed whether methylation scores are associated with treatment outcomes in 55 patients who went on to receive systemic therapy. Thirty-six patients with low methylation scores had a longer median TTF compared with 19 patients with high methylation scores (2.8 months, 95% CI 1.6-4, 0 versus 1.6 months, 95% CI 1.3-1.9, P ¼ 0.016, Figure 3C) . A multivariable analysis, which included methylation score (low versus high), RMH score (0-1 versus 2-3) and tumor type (colorectal cancer versus breast cancer versus NSCLC versus melanoma), demonstrated that a low methylation score is an independent prognostic factor for TTF (HR 0.38, 95% CI 0.16-0.88, P ¼ 0.025, Table 2 ).
Finally, we assessed whether methylation scores are correlated with the best change in the sum of target lesions measured by RECIST 1.1 [13] . In 45 of the 55 patients with measurable disease receiving systemic cancer therapy, methylation scores positively correlated with the percentage change in the sum of target lesions, suggesting that patients with low methylation scores are more likely to have tumor shrinkage (r ¼ 0.32, P ¼ 0.034, Figure 3D ).
Discussion
Methylation profiling of cfDNA has been investigated in cancer diagnostics and assessment of therapeutic outcomes [18] [19] [20] [21] [22] [23] [24] . Guo et al. have shown that identifying methylation patterns from cfDNA can be used to map tissue-of-origin in lung and colorectal cancer patients [25] . We have developed a highly sensitive assay targeting more than 9000 CpG sites to determine methylation scores in plasma cfDNA from patients with advanced breast cancer, colorectal cancer, NSCLC and melanoma. Our results demonstrate that methylation scores from plasma cfDNA samples from patients with these cancers can accurately classify the presence of cancer in 83.8% of cases with 100% specificity. In addition, methylation scores from plasma cfDNA accurately predicted cancer type in 78.9% of cases (breast cancer, 72.7%; colorectal cancer, 88.5%; NSCLC, 81.8%; melanoma, 55.6%). Methylation scores were highly predictive of tumor origin in colorectal cancer, but much less in melanoma. It is plausible that our assay includes CpG sites that can perform better in cancers with strong hypermethylation signatures, such as colorectal cancer [26] [27] [28] . Another potential explanation may be differences in tumor DNA shedding into the circulation; however, small numbers of patients precludes a final conclusion. To our knowledge, our study is the first report on comprehensive targeted methylation profiling of plasma cfDNA in advanced cancer using NGS to simultaneously classify the presence of cancer and predict the underlying cancer type. Our assay covers Figure 3 . Clinical validation of pan-cancer methylation profiling in plasma cfDNA from patients with advanced cancers. (A) Boxplot of 82 patients including 68 patients off therapy during sample collection (baseline) and 14 patients on therapy during sample collection (on therapy) shows that patients before systemic therapy had higher methylations scores (median 85.29) compared with methylation scores for patients on therapy (median 4.7). (B) In 68 patients, whose cfDNA samples were tested and methylation scores were calculated, the median OS for patients with high methylation scores (> 267.54, red) was significantly shorter with 4.4 months (95% CI 3.3-5.4) compared with patients with low methylation scores ( 267.54, blue) who had a median OS of 10.4 months (95% CI 7.1-13.7; P < 0.001). (C) For 55 patients who received systemic therapy after cfDNA samples were drawn and methylation scores were calculated, patients with high methylation scores (> 267.54, red) had a shorter TTF of 1.6 months (95% CI 1.3-1.9), while in patients with low methylation scores ( 267.54, blue) TTF was significantly longer with 2.8 months (95% CI 1.6-4.0; P ¼ 0.016). (D) Linear regression (blue line) between methylation score and best RECIST change of 45 patients who received systemic therapy after sample collection shows a positive correlation (r ¼ 0.32, P ¼ 0.034).
more than 9000 CpG sites while using a simplified workflow and commercially available reagents. Whole-genome bisulfite sequencing can provide a more comprehensive methylation profile; however, the cost may preclude advances to the clinic in the short-term [22] . On the other hand, PCR-based approaches are less expensive, though, their utility may be limited by the small number of CpG sites assessed [25] .
Furthermore, previous studies with plasma-based liquid biopsies have demonstrated that the amount of mutant cfDNA for common oncogenic hot-spot mutations can be associated with progression-free survival (PFS), TTF and OS in patients with advanced cancer [1, 2, 4, 5, 7, [29] [30] [31] . Visvanathan et al. [32] demonstrated use of a 10-gene methylation panel to test serum samples from 141 women with metastatic breast cancer and demonstrated that high methylation serum scores were associated with shorter PFS and OS. In addition, blood DNA methylation changes induced by first line chemotherapy were associated with OS [33] . We demonstrated that patients with advanced breast cancer, colorectal cancer, NSCLC, or melanoma and low methylation scores ( 5% trimmed mean) in plasma cfDNA compared with those with high methylation scores (>5% trimmed mean) had a longer median OS, which was confirmed on multicovariate analysis (HR 0.43, P ¼ 0.025). Additionally, our data demonstrated that patients with low methylation scores in plasma cfDNA collected before systemic therapy compared with those with high methylation scores had a longer median TTF (HR 0.38, P ¼ 0.025). We also demonstrated that in patients with measurable disease, low methylation scores correlated with tumor shrinkage (r ¼ 0.32, P ¼ 0.034). Furthermore, we also demonstrated that samples of plasma cfDNA collected on therapy had lower median methylation scores than samples collected before therapy (P ¼ 0.001).
Our study also has several limitations. First, the study was retrospective and the number of patients enrolled was limited. Second, we enrolled a patient population with four common tumor types, which were treated with diverse experimental therapies. Third, we only included patients with advanced cancers and it is plausible that sensitivity of our method could be less if directed at early stage cancers. Fourth, our assay included 9223 CpG sites and it is plausible that including more tumor-specific CpG sites might improve sensitivity, especially in some tumor types. Fifth, even though in our study methylation scores were associated with treatment outcomes such as OS, TTF and change in tumor size, the limited number of patients and tumor types assessed preclude us from concluding whether these findings are universally applicable or tumor specific.
In conclusion, comprehensive targeted methylation sequencing of over 9000 CpG sites in plasma cfDNA collected before therapy from patients with common advanced cancers predicts the presence of cancer and underlying tumor type with high accuracy, and methylation scores correspond with treatment outcomes. Further studies of methylation profiling of plasma cfDNA in cancer are warranted including titration studies to further establish the analytical sensitivity of the assay as a function of the overall number of methylated sites and methylation levels and prospective clinical trials in which therapeutic intervention is tailored on the basis of methylation profile.
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